Abstract-The triggering of a high-voltage gas-insulated spark gap by an electron (e) beam has been investigated. Rise times of approxi5l9 mately 2.5 ns with subnanosecond jitter (-0 varying the e-beam width and the beam energy are discussed. Fig. 1 . Basic arrangement.
INTRODUCTION
THE DEVELOPMENT of reliable high-voltage low-jitter fast rise-time long-life switches is important to energy production (fusion reactors development, lasers for isotope separation), defense (simulators for nuclear weapons effects), and many other applications (industrial manufacturing processes). A research program is currently underway to improve the physical understanding of various breakdown processes for the subsequent development of a low-inductance fast rise-time low-jitter command-fired spark gap switch, with low prefire probability, and capable of operating at high voltages (MV). Two different spark gap trigger mechanisms, laser triggering (LTS) [1] , [2] and electron (e)-beam triggering (EBTS) [3] - [7] have been found to produce excellent jitter characteristics. These two methods have certain similarities but differ in the basic processes involved. This paper describes an investigation of EBTS. The breakdown leads to the formation of a volume discharge (proportional in cross section to the crosssectional area of the injected beam) which helps reduce electrode erosion and switch inductance. The switch is shown to exhibit subnanosecond jitter (with respect to the e-beam diode current) at voltages as low as 50 percent of the self-breakdown voltage Vb.
Manuscript received February 4, 1980; revised April 18, 1980 . This work was suppo;ted by AFOSR under Grant AFOSR 76-3124 and Contract F49620-79-C-0191. K THE EXPERIMENTAL ARRANGEMENT The experiment consists of an energy storage element, a gas insulated pressurized spark gap, and a source of energetic electrons (Fig. 1 ). The energy storage element and the spark gap are both contained within the high pressure vessel of a Van de Graaff charged coaxial line (Fig. 2) . The line can be charged to approximately 1 MV and delivers a rectangular pulse of approximately 10-ns full width at half maximum (FWHM) duration. The spark gap is formed by an interruption in the center conductor of the line. The stainless steel electrodes have a Bruce profile [8] and a diameter of 21.5 cm. The high pressure insulating gas for the gap also serves as the dielectric for the coaxial line. The e beam is generated by a cold cathode field emission vacuum diode which is located behind the grounded electrode. It is placed inside the inner conductor of the output coaxial line, so as to introduce the e beam axially through a 2.5-cm diameter aperture in the center of the electrode. In order to maintain a uniform field distribution in the gap, and to protect the foil from the discharge, the aperture was covered with a stainless steel mesh (grid size: 0.127 cm). 
EXPERIMENTAL APPROACH
The following characteristics of the spark gap breakdown were investigated: 1) the rise time of the resulting voltage, 2) the switch delay and jitter, and 3) the spatial character of the breakdown. The diagnostics used were open shutter and streak photography to record the character of the discharge, and a capacitive voltage divider probe (C1), located in the generator output transmission line ( Fig. 1 ) to monitor the output voltage pulse when the gap breaks down.
The following experimental parameters were varied during the investigation: 1) The gap polarity (depending on how the Van de Graaff was charged, the target electrode was either positive or negative. When the electrode was charged positive the injected electrons were accelerated by the initial electric field in the gap, and when the electrode was negative the beam was decelerated.); 2) the gap voltage Vg (Vg was varied between 50 percent and 98 percent of the self-breakdown voltage Vsb which ranged from 75 kV to over 400 kV.); 3) the gas pressure (1-3 atm); 4) the type of gas (N2, mixtures of N2 and A, and mixtures of N2 and SF6); 5) the e-beam diameter (1.25 cm and 2.50 cm); and 6) the diode voltage (150 kV to 220 kV, resulting in somewhat lower beam energies 80-145 keV due to losses in the diode foil [13] ).
RESULTS
The pulse rise time was observed to vary slightly with the beam energy and ranged from 2.5 to 3 ns. The larger value was obtained for a diode voltage of 150 kV and a gap voltage Vg = 100 kV at 50 percent of Vsb.
The rise time was also expected to vary with the beam, and hence discharge diameter but this was not observed. For a coaxial system the inductance varies as the natural logarithm of the ratio of the radii involved -ln (b/a). Since the beam diameter was varied by a factor of two, one might expect approximately a 20 percent variation in the inductance. At the present time we do not have enough information about the channel formation and the current profile to make an estimate about the total rise-time variation one may expect for a factor of two change in e-beam diameter (corresponding to an observed factor of two change in discharge diameter).
The jitter was found to be virtually identical for all our experimental parameter combinations. Fig. 5(a) (Fig. 1) ments were conducted for both positive and negative gap polarities, yielding essentially identical results. The delay time was measured to be 52 ns in pure N2, which is consistent with previous studies [6] . It was also found that for these relatively low voltages and pressures, the delay was invariant to both the pressure and the gap voltage. One should also note that these results were obtained with a dc-charged gap; one would expect no degradation in performance for a pulsecharged gap. The general character of the gas discharge for e-beam initiated breakdown was studied from open shutter photographs. Fig. 6(a)-(d) shows open shutter photographs of the gas luminosity when the gap undergoes self-breakdown and when an e beam is injected for the cases when the gap is uncharged and when the electrode polarity is positive or negative, as indicated. These photographs are representative of the spatial character of the luminosity observed throughout the range of the investigations. For the same polarity, the light intensity varied in magnitude as the gas pressure and/or electrode voltage was varied. For different polarities, the character of the light emission are quite different, as shown in Fig. 6 that there is probably a difference in the breakdown processes. Note, however, that for both cases, the breakdown takes the form of a volume discharge. There was, however, some indication of localized spark channel formation at very high gap voltages when using some SF6 gas admixtures. The difference in discharge luminosity for the two electrode polarities, and the filamentary discharge that occurred at some high voltages (Vg > 2Vdiode) when SF6 was used, are still the subject of investigation and will be discussed in a later paper. Fig. 7 shows the discharge luminosity for two different e-beam diameters. The discharge cross section appears to be proportional to the cross-sectional area of the injected beam. The light intensity of the discharge is seen to be significantly increased when a more energetic beam is introduced into the gap, as shown in Fig. 8 . The amplitude of the output voltage pulse was also found to be a function of the beam energy, as shown in Fig. 9 . These results indicate that the degree of ionization in the discharge plasma, hence the resistivity, varies with the beam energy. The voltage drop across the gap is, therefore, a function of the e-beam energy. Streak photographs of the discharge are shown in Fig. 10 . In one case the beam is fired from the cathode and in the other case from the anode. A mixture of 20 percent A and 80 percent N2 was used to increase the luminosity level so that streak photographs could be recorded. In both cases the gas pressure was 3.1 X 105 Pa (30 psig) and the gap voltage was Vg -250 kV -0.95 Vsb. The slit was parallel to the axis of the gap. Two distinct luminosity regions are apparent. The first (9.5 ns long) region is believed to be caused by the actual discharge while the second (-20 ns) region is probably due to recombination light in the afterglow. Note that the 9.5-ns duration of the first region corresponds closely to the FWHM length of the generator current pulse. In Fig. 10(a) (e beam fired from the cathode) the initial luminosity front appears to propagate from cathode to anode in 2 ns which corresponds to a velocity of 1.5 X 107 m/s. For the opposite electrode polarity case ( Fig. 10(b) ) the discharge also propagates from cathode to anode but now with a velocity of 3.0 X 107 m/s for the first half of the gap distance and then with a velocity of 4.4 X 106 m/s the rest of the way. The streak camera is unable to resolve the early luminosity phenomena so the velocity quoted for the first part is probably too high. The detailed explanation of the observed phenomena is the subject of further research and also will be discussed in a later paper.
CONCLUSIONS
The results obtained in this series of experiments on EBTS are summarized as follows: 1) fast rise time (2.5 ns), 2) low jitter (less than 0.2 ns for Vg > 50 percent V5b), and 3) volumetric or diffuse discharge. These characteristics make EBTS highly attractive for many applications.
The demonstrated low jitter, particularly when operated at voltages well below the self-breakdown voltages, is one of the most significant results of this work. Small jitter is crucial to the successful operation of any pulsed power system. However, it becomes extremely critical in any scheme that utilizes the simultaneous discharge of parallel pulse forming lines into a common load. The prefire probability, although not measured directly, should be low with this type of triggered switch since it works reliably and with low jitter at voltages down to at least 0.5 V1b.
The EBTS breakdown was observed to take the form of a volumetric discharge, proportional to the size of the injected beam. This large area breakdown offers several advantages over the narrow channel breakdown found in most switches. These are: 1) The EBTS can be scaled up to very large area electrodes and transmission lines while maintaining a low switch inductance (a particularly attractive concept is an annular e-beam geometry), whereas other switches cannot duplicate this, unless multiple current-sharing channels are formed. This, however, is not always easily accomplished. The broad discharge should result in a substantial lowering of the switch inductance, hence, faster rise times.
2) The diffuse discharge minimizes electrode erosion, thereby enhancing the switch lifetime and thus promoting the possibility of developing a reliable rep-rated EBTS. The recovery time should also be reduced, as contrasted to a narrow channel discharge case, because of the lower discharge temperature.
In this work the diode voltage was limited by equipment constraints to about 220 kV. This caused excessive energy deposition in the 2-mil titanium foil and hence shortened its lifetime (to -1000 shots). A thinner foil also did not last long because of the high gas pressure it had to withstand (-3 X 105 Pa or -3 atm). Higher beam energies (-300 keV) would overcome this problem, and it is also speculated that higher beam energies may be needed to avoid filamentary discharges at high pressures of pure SF6 gas (i.e., at very high gap voltages).
At are: 1) a repetition rate capability of some tens of kilohertz; 2) high voltage recovery times of a few microseconds; 3) life of thousands of operational hours, not limited by coulomb or pulse count; 4) a very low time jitter (less than 1 ns); 5) a power gain of the order of 103 to 105, and; 6) a stable very low conduction impedance. The inherent advantages of thyratrons over other types of switches mandate the extension of thyratron technology to much higher voltages, currents, and power levels.
HIGH di/dt The tube has been studied at high di/dt up to 1012 A/s. The major factors that determine the rate of current rise are: 1) the trigger plasma density and distribution at the onset of commutation (determined by the grid configuration and the method of triggering); 2) the plasma growth rate (determined by the fill gas pressure); and 3) the effective inductance (determined by the distribution of the internal discharge as well as by the geometry of the tube and its external current return).
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